Heavy human activities in mountainous areas make avalanches a big threat to tourists and natives at the same time. Therefore many tourist activities as well as businesses look for reliable risk assessment tools. According to complex mathematical models risk areas are defined based on simulation and visualisation with Geographic Information Systems (GIS). Resulting maps are used to support decisions of local officials. This study is aiming at two aspects of assessing avalanche risk areas: (1) impact of fuzzy set based classification on visualization of avalanche high risk areas and (2) comparison of resulting GIS based risk maps using different logical operators. The main goals in this study are to explore and evaluate possibilities and impacts of fuzzy set modelling to linguistic terms representing spatial categories related to mapping avalanche risk areas. Quite recently local experts were quoted with "avalanche high risk areas can be found at predominantly steep slopes with lots of shadow". A numerical evaluation of the amount of high risk areas was performed and was compared with the results of similar linguistic classes modelled by crisp sets. Clearly, a much more detailed account on high risk areas can be obtained from the DEM, even if you use only two linguistic classes. The differences in the amount of high risk areas were evaluated primarily with visual interpretation from a cartographic point of view.
Introduction
About 2.8 million people live in the alpine region of Austria. Alps cover 53.000 km² or 63 % of the Austrian territory. Avalanches affect 35 % of Austrians total population. These numbers add to the fact, that each winter season the Austrian Alps are crowded with tourists and natives as well who pursue their passion of skiing. During the last 20 years 476 persons were killed in avalanche accidents. To decrease the number of casualties efforts are made to increase Know How on avalanche risk. Several institutions develop computer-based avalanche forecast systems for local and regional authorities to plant protective forests or build up protective walls. Past experience has shown that these two precautions do an excellent job not only to protect tourists but also whole villages that are threatened by avalanches. An avalanche is defined as the material that slides down the slope or goes downhill quickly. The material is snow above all. Sometimes an avalanche is enriched with ice and debris. Avalanches can be categorised by the shape of fissure, the dampness of sliding material or the trace of movement among others.
The assessment of avalanche risk is difficult because many parameters have to be considered. Each of the following components contributes to a complex model of risk assessment: 1. The meteorological components:
Snowfall, precipitation intensity, wind, temperature and radiation define the structure of the snow and of the snow covering. All these factors change continuously.
The nivological components:
This components concern the snow covering itself. Constitution, Stability and Covering are important factors for predicting an avalanche. The nivological component depends highly on the meteorological components but also has a momentum of its own.
The topographic components (the terrain):
The terrain is a constant factor in space and time. Local changes can only be caused by the diameter of the snow covering in a depression or at a ridge. These can be important for avalanches. The topographic component consists of slope, aspect and the terrain itself. This information can be taken out of a topographic map Due to the short-term validity of the meteorological and nivological components the study only considers the topographic components. The following paragraphs discuss the reasoning behind the selection of the linguistic variables "steep slope" and "northern aspect".
According to statistics most avalanche accidents happen in an area where the slope is higher than 30 degrees. There is no necessity that an avalanche origin is at the steepest point of a slope. There are already several classification of slope known like the Alpin-Lehrplan 9 [2] and the classification of Munter [9] . The disadvantage of these classifications is that this important break of 30° is not very well shown. So in this study another well-developed classification is used [5] . Four slope-classes can be distinguished: 1. 0° -25°: Avalanches are very rare; 2. 25° -35°: The slope is steep and the occurrence of avalanches is high; 3. 35° -45°: The slope is steep and the occurrence of avalanches is very high; 4. 45° -90°: The slope is very steep and the occurrence of avalanches is very high but the snow masses are extremely small; the slope is too steep so that the snow already slides downhill during the snowfall. So the first and the last class are not important for avalanche risk assessment and can be ignored. The middle-classes are considered to be crucial to define the parameters of the fuzzy set "steep slope".
The aspect has no immediate influence on avalanche danger but is influenced directly by the radiation heat. This is very important for the constitution and the stability of the snow covering. A quantification of these effects is hardly possible. According to Austrian and Swiss statistics 50% of all avalanche accidents occur in the northern sector (NW -N -NE) of the aspect. This area is characterized as "northern aspect" in this study.
This study concentrates on a region in Austria's Tyrol and Vorarlberg along the border to Switzerland that is known as Silvretta Mountains. The DEM (digital elevation model) used covers an area of 100 km². These 100 km² are divided into 1024x1024 pixels. One pixel covers about 100m² ground area and elevation is stored in each cell (pixel). The study area is located at 1746 to 3306m above (Adrian) sea level. The raster image used was interpolated from digitised map data of the BEV (Federal Office for Metrology and Surveying) and currently represent the most exact data available in Austria on the Silvretta mountains. This paper deals with the visualisation of the topographic components of potential avalanche danger derived by operations on fuzzy sets "steep slopes" and "northern aspect". The result is compared to crisp set modelling. Fuzzy logic is used to show how linguistic variables can be edited for cartographic modelling and visualisation. Traditional "slope maps" show whether a part of the area is highly dangerous or not. An enhanced result is aimed at by using fuzzy logic. In this study "slope" and "aspect" were predominant parameters in evaluating high risk areas. The information on "steep slopes" and "northern aspect" was obtained from the digital elevation model (DEM) and risk areas were defined with GIS. The GIS-Software used is MapModels, an ArcView GIS Add-In, which has been developed at the Technical University of Vienna and has been applied successfully to both fuzzy set and crisp set based spatial modeling [1] [8]. Using a sophisticated and easy-to-use graphical user interface, modelling of membership functions and operators was performed on the data available. The results of the study are visualised in thematic maps because it is an easy-to-use and effective way for the user to understand and locate the areas of danger.
Methods
The implications of using fuzzy sets in the study's context are twofold. On one hand areas of possible avalanches are increased. On the other hand, every situation is unique and it does not make sense to look for the one-and-only logical operator. In this case study in particular the min/max class of operators as well as γ-operators were used with different values of γ to show the impact of adding, reduction and compensation of information on the cartographic evaluation. Fuzzy sets and operations have to be seen in the context of avalanche-research and avalanche-forecast, which indeed is a sophisticated matter, but is reduced to two determining factors -slope and aspect. Operators must fit to a certain context, obtained e.g. through parameters. The minimumand the maximum-operator are least flexible to adjustment. On the other hand these operators are highly mathematically efficient.
The first calculation and cartographic visualisation was conducted with the minimum-operator. Usually the minimum-operator [3] is used in cases where few elements determine the characteristics of the fuzzy sets. The impact on the cartographic visualisation in this case study is that only few areas seem to be highly endangered by avalanches (Figure 1 ). But that result might be too optimistic and if recommendations and restrictions in the Silvretta area are decided upon those calculations the goal of maximum security would not be achieved. The second fuzzy set operation was carried out with the maximum-operator. The maximum-operator [3] includes the highest number of highly endangered pixels (Figure 1 ). Most areas are coloured deeply red leading to the impression one cannot move through this part of the Silvretta Mountains without causing avalanches. The first two operations lead to extreme results of calculation and visualisation. In the context of avalanche-research it seems to be more appropriate to use another operator that can be adjusted by a parameter to achieve conditions of reality. That operator is the γ-operator [9] . γ-operators are meditative operators. Depending on the value of the parameter the result approximates the logical AND (min) or the logical OR (max). Therefore this operator is used for weighting two membership functions and is defined as:
γ-operators do not meet all terms of mathematical operators, but are more appropriate to modelling human decision process. So those operators allow taking into account the subjectivity of human decisions [9] [1]. With γ = 0.25 the result seems to be rather optimistic, there are few "high risk areas" located, but on the other hand the result might turn out as insecure, because there might be much more endangered areas. If γ is set to 0.75 the result could show too much "high risk areas", what would turn out negative e.g. for tourism but positive for live-saving. In case of a calculation with γ = 0.5 the result can be seen as a kind of compromise, which might represent reality best ( Figure 1 ) [9] . Adding, reduction and compensation of information is shown by the cartographic visualisation forms in Figure 1 . Using fuzzy sets results in a continuous map and risk areas are visualised as a gradual transition of areas that meet the criteria and those who do not. That gradual transition represents further information that has been obtained through the use of fuzzy sets. One has to bear in mind that the reduction of classes in the resulting image and similarly in the legend also leads to reduction of information.
Compared to the visualisation of the "high risk areas" from the crisp calculation the results from the use of the minimum-operator and the γ = 0.25 calculation show nearly the same pattern. Here a minimum of theoretically possible information is transmitted to the spectator. By the use of fuzzy sets and operators a much more detailed account on high risk areas can be obtained from the DEM, even if only two linguistic classes are available. The results could and should be used as input for further calculations including additional variables. 
Visualisation
As crucial as the right choice of the operators is the visualisation of the results. The risk assessment of avalanches was based on a digital elevation model. Therefore, the results of this GIS application represent a continuous covering the whole area and building something like an artificial (risk-) landscape. As the problem of risk areas for avalanches is a spatial problem the visualisation has to be a map in order to answer all the questions and to provide the user with as much information as possible. Patterns and trends are recognizable immediately. The numeric presentations of the results of the analysis are only used to develop the cartographic visualisation and to be aware of the differences between different kinds of visualisations. In order to be able to visualise such a continuous phenomenon and to secure the interpretation of the analysis the results of this risk assessment were classified and ordered by groups of risk.
Categories
Mapping aggregates the data further by grouping all areas with a range of data values into a single category represented by a single colour. This type of aggregation addresses the difficulty of displaying more than ten or twelve visually distinct colours. But classification introduces the risk of a mapped pattern that distorts spatial trends. Arbitrary selection of breaks between categories might mask a clear coherent trend with a needlessly fragmented map or oversimplify a meaningfully intricate pattern with an excessively smoothed view. Different sets of categories can lead to radically different interpretations. Therefore, the map maker and users have to be aware of the fact that one map is only representing one of many possible views. In order to aggregate the fuzzy results of this GIS application, decisions have to be made about the number and the breaks between these groups. The map author begins by asking two basic questions: How are the data distributed throughout their range? And what, if any, class breaks might have particular meaning to the map viewer? First, the classification of the assessments results into 9 groups provides a first view on the risk areas and the distribution of the values over the groups. This was done for all operators to make a standardized interpretation of the results possible and to show the differences between the different operators ( Figure 2 ). The frequency depicted from a histogram was the basis for a classification as local minima were taken as breaks between the three final groups. 
Colours
Most colours, in fact, relate to several concepts, favourable and unfavourable. Red, for instance, is associated with fire, warning, heat, blood, danger. Maps portraying environmental hazards often borrow the familiar redyellow-green sequence of traffic light hues. This sequence is highly effective, at least among map viewers who drive, because of continually reinforced associations of red with danger, yellow with a need for caution, and green with no risk. This concept was also used for the mapping of the assessment of avalanches. But since there is also danger in areas that are not prone to avalanches (avalanches from above) the colour green was not chosen in order to give the map user no wrong ideas about the seriousness of avalanche risks.
Discussion
This project is considered a first step in the risk assessment of avalanches. It was especially made for a better visual comparison of the analysis' results. The next step would be to integrate the information gained from this GIS application into a topographic map to transport as much information as possible and to make this information available where it is useful and needed -in nature. This would also require some further aggregation and selection of the data to achieve cartographic standards of mapping. Another way of visualising the analysis' results could also be a 3-dimensial visualization of the landscape (elevation) with high risk areas as additional information represented on the landscapes surface.
